Abstract. Large wood (LW) in rivers increases the flow variability and provides habitats for various species. During flood events, transported logs can accumulate at river infrastructures and increase the flood hazard. LW accumulations result in an upstream backwater rise and may increase local scour, for instance at bridge piers. Consequently, estimates of the resulting backwater rise and local scour are necessary to improve the flood hazard assessment. This study presents the findings of flume experiments with a movable bed on local scour and backwater rise due to LW accumulations. The approach flow conditions and the bed material were varied systematically for a specific LW accumulation volume. For all experiments, the initial condition for the bed material was defined as weak transport, since the bed shear stress was slightly below the critical bed shear stress for incipient motion. The inflow Froude number was identified as the governing parameter for backwater rise due to LW accumulations. The present study confirms the hypothesis that the resulting local scour reduces backwater rise. For the local scour, the unit discharge and the grain size diameter are the decisive parameters.
Introduction
Large wood (LW) is defined as logs with a diameter ≥ 0.1 m and a length ≥ 1.0 m [1, 2] . In a river, LW accumulations can occur in shallow water areas as well as at natural or artificial obstructions. These accumulations play an essential role for the river ecosystem, as they increase the variability of flow and morphological structures. They can provide habitats for e.g. fish species and enable the deposition and storage of nutrients or sediments [3] . The transport of LW can be described as uncongested (i.e. single log transport), congested (i.e. logs are transported in bulk) [4] , or hypercongested (i.e. not saturated logs are transported in bulk at the front) [5] . Congested or hypercongested LW transport can result in enormous accumulations at river infrastructures during a flood event. These LW accumulations can lead to (1) backwater rise and consequently flooding of the surrounding area, (2) local scour at river infrastructures, as well as (3) an interruption of the sediment continuity. Therefore, engineering measures as e.g. racks or nets [6, 7] are necessary to mitigate LW accumulation risk (Figure 1) . A proper design of these measures is key to a successful flood hazard management. The investigations on backwater rise due to LW accumulations have substantially increased within the last decades. Physical experiments to quantify backwater rise due to LW accumulations, focusing on Alpine regions, were conducted by Knauss [8] , Rimböck [9] , Schmocker and Hager [10] , and Hartlieb [11] . In addition, backwater rise was investigated in specific case studies [12] . Schalko et al. [13] included the effect of organic fine material, e.g. branches or leaves, in a LW accumulation on backwater rise.
Only few studies investigated the influence of LW accumulation on scour, thereby focusing mainly on bridge pier scour. Laursen and Toch [14] studied local scour around bridge piers and abutments due to a LW accumulation. The results qualitatively showed that the LW accumulation changed the approach flow conditions and led to deeper and larger scour holes. Melville and Dongol [15] modeled the LW accumulation body at a bridge pier as rafts with smooth, impermeable, regular shapes. The parameters affecting the local scour, besides the LW accumulation characteristics, were approach flow depth and velocity, sediment size and grading, as well as pier size, shape, and orientation to the flow. Lagasse et al. [16] conducted flume experiments, including different accumulation porosities (impermeable versus 25% porosity). Compared to the size, shape, and location of the LW accumulation body, the roughness and porosity had only a minor effect on the resulting local scour. Pagliara and Carnacina [17] experimentally studied the influence of the transverse cross-sectional geometry of LW accumulations on local scour at bridge piers. The blockage area was identified as the decisive parameter affecting the resulting scour. The geomorphic and hydraulic impact of LW elements in sand-bed channels were examined by Wallerstein et al. [18] using flume experiments. The flow conditions were chosen below the threshold for incipient motion to investigate geomorphic effects solely due to the LW elements. As a result, the LW element size was the governing parameter for scour depth and size. Wallerstein [19] developed a model to describe constriction scour due to LW accumulations. The analytical model was validated with field and experimental data of the Mississippi River [18] and allows to estimate scour rate and depth due to a partial LW blockage.
As the majority of the studies on backwater rise due to LW accumulations was conducted with a fixed bed, the knowledge on the interaction between backwater rise and scour is still limited. A movable river bed may decrease backwater rise, while the resulting scour may lead to damages at the river infrastructure itself. Studies investigating scour due to LW accumulations focused on local scour at bridge piers or constriction scour (partial blockage). The main objectives of this study are to analyze and quantify the resulting backwater rise and local scour due to (spanwise) LW accumulations for different approach flow conditions and bed material. This study is part of the interdisciplinary research project WoodFlow [20] .
Methods
The effect of the approach flow conditions and LW accumulation volume on backwater rise ∆h and scour depth S was tested for uniform and non-uniform bed material with different mean grain size diameters d m using small scale model tests. Based on typical log dimensions in rivers (e.g. [21] ) the scaling factor was set to λ = 30. In addition, the accumulation process of the small-scale model tests was validated with close-to-prototype tests [22] . A 0.5 m long ramp of boulders with a diameter of ≈0.10 m was installed at the upstream end of the flume to provide a smooth flow transition. The movable bed was inserted to the flume with a height h B = 0.35 m and length L B = 5.5 m. The bed level was fixed at the downstream end of the flume using a 2 m long plate with a roughness coat. The scour depth S was scanned after each run in a 0.025 m 2 raster with a laser distance sensor placed on a positioning system, which was manually moved in the x-(flow direction) and y-direction (spanwise direction). The origin of the x,y-coordinate system was at the rack at h B . In addition, the scour depth at the rack (subscript R) S R was measured with a point gauge.
Model large wood and bed material
A model LW mixture was tested with a mean log diameter d Lm = 10 mm and log lengths L L = 5. . . 10 mm (Figure 3) . The density of the model LW ρ LW ≈ 700 kg/m 3 is comparable to prototype values [23] . In the beginning, uniform bed material was tested in order to avoid additional effects due to the formation of an armor layer (Figure 4a ). For comparison, additional experiments were conducted with non-uniform bed material (σ ≈ 2.6; Figure 4b ). The mean grain size diameters varied from d m = 2.7 mm, 5.2 mm, 5.4 mm, to 13.1 mm.
Test program and procedure
The test program is listed in Table 1 . In each test (e.g. A1), V S was continuously increased from 5% to 100% of V S = 23 dm 3 . The reproducibility was evaluated by conducting the same test three times (e.g. Tests A1-A3). The effect of the bed material on the resulting scour and backwater rise was analyzed by varying the mean grain size diameter d m (Tests A1-A12) of uniform bed material for different approach flow conditions. Non-uniform bed material was investigated for one setting of approach flow conditions (Tests A13-A15). In order to solely investigate local scour due to LW accumulations, the initial condition (subscript IC) for the bed material was defined as weak transport [18] and the bed shear stress θ IC was slightly below the critical bed shear stress θ c for incipient motion (θ c = 0.047 from [24] ). For a given d m and Q, the slope S o was adapted until the respective θ IC was set. For d m = 13.1 mm, the visual bed load transport was lower compared to the smaller grain sizes. Therefore, the value for the initial condition was adapted to θ IC = 0.05 for d m = 13.1 mm. For the non-uniform bed material, the value of the bed shear stress was visually examined and set to θ c = 0.04. The different d m with θ c = 0.04...0.05 were chosen to cover sub-and super critical flow regimes, resulting in a range of F o ≈ 0.5. . . 1.5. First, the approach flow depth h o was measured for a certain discharge Q and initial bed shear stress θ IC = 0.04. . . 0.05. Second, the LW was continuously added in 5...10% packages with the respective d Lm , h was measured upstream of the LW accumulation at UDS 0−1 , and the scour depth was measured at the rack S R . After adding 100% of V S , the scour depth S was scanned in a raster.
Results
Tests A1-A3 for uniform bed material and tests A13-A15 for non-uniform bed material confirmed the test reproducibility. For uniform bed material, the mean standard deviation (data points n ≈ 60) of ∆h/h o was ≤ 5%. For non-uniform bed material, the mean standard deviation (n ≈ 60) of ∆h/h o was ≤ 10% and ≤ 5% for the scour depth S.
The relative backwater rise ∆h/h o is shown in Figure 5a [13] , ∆h/h o increases with increasing F o . It can be observed that the first 20...30% of V S generate the main increase of ∆h, which is comparable to the findings by Schmocker and Hager [10] . In addition, the formation of a LW carpet can be observed after the addition of a certain amount of V S . For low Scour due to LW accumulation can be described as a functional relationship with parameters increasing scour in the numerator and parameters decreasing scour in the denominator, i.e. S ≈ q/d m . As a next step, the results for S will be compared with established formulas (e.g. [15, 19] .
Conclusions
Hydraulic model tests were conducted to identify the effect of LW accumulations at retention racks on backwater rise and scour. The experiments were performed with a movable bed, including uniform and non-uniform material. The approach flow conditions, bed material, and initial conditions for sediment transport were varied. Backwater rise generally increases with increasing approach flow Froude number. The present study confirms the hypothesis that the resulting local scour due to LW accumulations reduces backwater rise. For the local scour, the unit discharge and the mean grain size diameter are the decisive parameters. Similar results for backwater rise and scour depth were obtained for both uniform and non-uniform bed material. Future research aims to enable the upscaling of the results for engineering application. It is the objective to combine the results of this study in a design equation for the expected backwater rise and scour depth. (Test A12) 
